The sensitivity of graphite furnace atomic absorption spectrometry (GFAAS) to arsenobetaine (AB) was 1.3-times higher than to inorganic As. In order to understand the mechanism underlying this observation, the atomization processes for both chemical species were investigated in terms of the enthalpy change (ΔH) during the atomization process in GFAAS. The enthalpy change of AB was slightly lower than that of inorganic As, which suggested that AB was atomized more efficiently than was inorganic As. Moreover, it was observed that some co-existing organic materials enhanced the analytical sensitivity of inorganic As. The sensitivity difference between inorganic As and AB depended upon the mechanisms of their atomization processes.
Introduction
Arsenic (As) is widely distributed in the natural world, and exists as a wide range of chemical species. Inorganic As has two oxidation states, As(III) and As(V), and organic As exists as various compounds, including arsenobetaine (AB), methylarsonic acid (MMAA), dimethylarsinic acid (DMAA), and trimethylarsine oxide (TMAO), which are found in organisms. In particular, it is well known that marine animals, particularly when compared with terrestrial animals, contain rather high concentrations of As as AB. The naturally occurring organic As is non-toxic, or of low toxicity to humans, but As(III) is highly toxic. [1] [2] [3] Thus, it is important to know the distribution of the As chemical species as well as the total concentration of As in biological and environmental samples.
Arsenobetaine and inorganic species can be separated by liquid chromatography and determined by atomic spectrometry. In some cases the AB concentration in a sample of a marine animal is assumed to be the same as the total As concentration, determined by atomic spectrometry without any separation pretreatment. Such an assumption is based on many reports that most As in marine animals is in the form of AB. Methods for total arsenic determination usually require the conversion of all arsenic species present in a sample into inorganic arsenic, and such decomposition is usually accomplished by digestion with oxidizing acids. It is, though, difficult to completely decompose AB into inorganic As species by acid digestion. Strong oxidizing acid and a high digestion temperature are necessary for the complete degradation of AB, 4 and even after strong acid digestion some AB is likely to remain undecomposed. [5] [6] [7] [8] Inductively coupled plasma mass-spectrometry (ICP-MS), inductively coupled plasma-optical emission spectrometry (ICP-OES) and graphite furnace atomic absorption spectrometry (GFAAS) are usually used for the determination of total As because of their analytical sensitivity, precision and general availability. A hydride generation (HG) technique combined with any of the above methods is very effective for the determination of trace amounts of As. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Of the spectrometric methods, GFAAS is most widely used because of its robustness, easy operation and maintenance, low price, and low running cost, although ICP-MS is more sensitive than GFAAS.
In a previous paper, we reported that AB was more sensitive than inorganic As in GFAAS. 8 Furthermore, most calibration standard solutions for As are available as inorganic As solutions, although AB standard solutions are offered by two institutes, the National Metrology Institute of Japan (NMIJ) and the Institute for Reference Materials and Measurements (IRMM) in the EU. Thus, when AB is determined using an inorganic As standard for calibration, the sensitivity difference based on the chemical forms will lead to measurement errors in the AB determination.
In the study reported here, differences in the analytical sensitivity between inorganic As [As(III)] and AB in GFAAS were investigated.
The underlying mechanism for the differences is considered by comparing the enthalpy change (ΔH) of each As compound during the atomization process with theoretical thermal chemical data.
Experimental

Instrumentation
An AAS AAnalyst800 (Perkin Elmer Co. Ltd., Yokohama, Japan) equipped with a transverse heated graphite atomizer (THGA) and Zeeman background correction was used. An EDL lamp was used as the light source. The operating conditions for GFAAS are summarized in Table 1 .
An ICP-MS 7500c (Agilent Co. Ltd., Tokyo, Japan) equipped with a micromist nebulizer and a Scott spray chamber was used. A combined system of a liquid chromatograph (LC) and the ICP-MS 7500c (LC-ICP-MS) was used for chemical speciation in order to determine each As species separately. The LC system included a CAPCELL PAC MG S3 column (diameter 4.6 mm × length 150 mm, Shiseido Co. Ltd., Tokyo, Japan), and it was connected to the nebulizer of ICP-MS through PEEK tubing.
A heat radiometer, IR-AHU (Chino Co. Ltd., Tokyo, Japan), was used for measuring the temperature of the furnace. The accuracy of the measured temperature was ±0.5%.
Theoretical bond energies were calculated using Gaussian R03W Version 6.0 software (Gaussian Inc., CT, USA). Calculation models of B3LYP/6-311G* were used for the As-As and As-C bonds, and calculation models of HF/3-21G were used for the As-Pd bond.
Reagents
The As standard solution guaranteed by the Japan Calibration Service System (JCSS) was used to prepare the inorganic As standard. The JCSS As standard contained 1000 mg l -1 As, and was produced by dissolving As2O3 in a NaOH solution and adjusting the pH to 5.0 with HCl (Kanto Chemical Industries, Co. Ltd., Tokyo, Japan).
The sodium butanesulfonate, 4 mmol l -1 tetramethylammonium hydroxide and 4 mmol l -1 malonic acid, and its pH was adjusted to 3.0. All acids used were of ultra-pure grade (Kanto). Ultra-pure water, prepared with a Milli Q-Labo filter (Nippon Millipore, Ltd., Tokyo, Japan), was used throughout the experiment.
The marine animal certified reference materials (CRMs) analyzed were BCR CRM 422 cod muscle, BCR 627 tuna fish tissue (both IRMM, Europe), DORM-2 dogfish muscle (National Research Council, Canada), NIST SRM 1566b oyster tissue (National Institute of Standards and Technology, USA) and NMIJ CRM 7402-a cod fish tissue (NMIJ, Japan).
Procedures
The JCSS As standard solution was diluted with 1% HNO3 to prepare the inorganic As calibration solutions. The NMIJ CRM 7901-a and BCR CRM 626 arsenobetaine solutions were diluted with 1% HNO3 for preparing the AB solutions.
The acid digestion procedure for AB was as follows: 8 7.1 g of NMIJ CRM 7901-a AB solution and 0.14 g of BCR CRM 626 AB solution were precisely weighed, and each was placed in a separate Pyrex glass vessel. Aliquots of 30 g of HNO3, 5 g of HClO4 and 3 g of H2SO4 were added to each vessel. The vessels were heated on a hot plate (plate surface temperature: 340˚C) and the samples were evaporated to dryness. The resulting residues were dissolved in a 1% HNO3 solution and made up to 30 g. The solutions were diluted with 1% HNO3 to prepare the test solutions for measurement. In addition, blank tests of the above procedure were performed to investigate possible As contamination; none was detected. The As species in the solutions of decomposed AB were examined by LC-ICP-MS; only As(V) was found. 8 A gravimetric method was employed in all the preparations in the present study.
Theory
Atomization mechanism of As in GFAAS and theoretical enthalpy change (ΔH)
There are several reports that discuss the atomizing process of an analyte in GFAAS by considering the absorption signal at the atomization stage. [25] [26] [27] [28] [29] [30] In this study we investigated the atomization process of As using the enthalpy change (ΔH) at the atomization stage. Arsenic usually forms oxides at the pyrolysis stage in GFAAS and is atomized through the following processes:
Here, s, l, and g show the physical state of the compounds of interest (solid, liquid and gas); x, y, and m are arbitrary coefficients of the reaction. K1 and K2 are the equilibrium constants for the reactions shown in processes (i) and (ii), respectively. Because the furnace material in GFAAS is graphite carbon, As is considered to be atomized through process (i) or (ii). In addition, there is a possibility for analytes (As in this case) to be atomized through process (iii) when there is a sufficient amount of a coexisting element (X) in the furnace. Making reasonable assumptions, the heats of reaction of As at the atomization stage were approximately calculated for each atomization process, and compared with those obtained from thermodynamic data. In process (i), when there is an equilibrium between the solid and the vapor phases, the generation of atomic vapor from the oxide form is assumed to be a first-order reaction.
The equilibrium constant, K1, is given by
[CO(g)] is considered to be constant in process (i), because the major source of CO(g) is the reaction between the carbon of the furnace and oxygen in the atmospheric gas and sample solution. Equation (1) can then be written as
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K1 and K2 can be treated as functions of the absorbance of the analyte at the atomization stage in AAS. Absorbance At is proportional to the number of atoms Nt (moles) atomized in the furnace at a certain time, t. When the correlation factor is defined as KA, At is expressed by the following equation:
When all of the target elements are atomized, the absorbance becomes a maximum (Amax), and Amax is proportional to the total number of atoms, Ntotal (moles). Then, the number of atoms remaining unatomized is expressed as (Ntotal -Nt) at time t, so it can be rewritten as (Amax -At)/KA using Eq. (3). Therefore, the equilibrium constant can also be written as Eq. (4) by using the absorbance for K, which combines all processes in the experiments:
The equilibrium constant, Kp, of the phase transition can be shown as a function of the temperature of the vapor phase from Van't Hoff theory as
Here, ΔH 0 is the standard enthalpy change according to the phase transition, R is the gas constant, and T is the absolute temperature. Equation (5) is integrated to
Here, Kp is treated as is K in this study, and it can then be approximated as follows by using K, which is the equilibrium constant for the atomization of an element:
Equation (7) shows a linear relationship between logarithm K and 1/T, and the slope gives the enthalpy change as -[ΔH 0 /2.303R]. Therefore, the enthalpy change is obtained from experiment if K is calculated from Amax and At for a certain temperature T (Fig. 1) .
Results and Discussion
Optimization of the analytical parameters
The effects of the pyrolysis temperature on the atomization behavior of AB and inorganic As were studied when the pyrolysis temperature was varied from 400 to 1600˚C. The concentration and the injection volume of AB and inorganic As solutions were 10 ng g -1 As and 20 μl, respectively. A chemical modifier was added to the sample to prevent any possible loss of As at the pyrolysis stage. The atomization temperature was kept at 2400˚C in all measurements. The effects of pyrolysis are shown in Fig. 2 . No loss of As through volatilization was observed at pyrolysis temperatures of up to 1200˚C in the measurement of both AB and inorganic As as a consequence of using a chemical modifier. The peak area for absorption also remained constant with pyrolysis temperatures of 600 to 1200˚C; however, the peak areas for the AB solution were 1.3-times higher than those of inorganic As.
A pyrolysis temperature of 1000˚C was selected for the work reported here, because the relative standard deviation (RSD) of measurement (<2%) was lowest at this temperature. Higher pyrolysis temperatures are generally used for the determination of As in environmental samples, since co-existing elements can be independently volatilized at this stage.
The atomization temperature was investigated in the range of 2000 to 2600˚C, with the pyrolysis temperature set at 1000˚C. The optimum atomization temperature was found to be 2400˚C. The LOD (limit of detection; defined as 1% absorption) was 
Sensitivity dependence on chemical forms of As
Calibration curves for both AB and inorganic As are shown in Fig. 3 . The slope of the calibration curve for AB was approximately 1.3-times greater than that for inorganic As, i.e., GFAAS was 30% more sensitive to AB than to the inorganic As in the JCSS As standard solution (mainly As(III)). This result demonstrated that the analytical sensitivity to As depends upon the chemical form of the arsenic, even when GFAAS is used. Furthermore, it was confirmed that the sensitivity and the absorption profile at the atomization stage were the same for As(III) and As(V). 31 Therefore, the sensitivity of GFAAS to arsenobetaine differs from that to inorganic As.
Absorption signals at the atomization stage
The absorption profiles for the As species at the atomization stage are shown in Fig. 4 . That of AB had a shoulder, which appeared slightly earlier than the main peak. The main AB peak corresponded to the single peak registered for inorganic As. These observations suggest that AB was atomized through two different processes: one that was the same as that for inorganic As (the 2nd peak), and one that was unique to AB (the 1st peak).
Enthalpy change (ΔH) during the atomization process
To consider the atomization mechanism, the enthalpy changes of AB and inorganic As during the atomization process were examined under the conventional experimental conditions. Because the furnace was heated by electric resistance, the relationship between the electrical current and the temperature of the furnace was first examined. The temperature of the furnace was determined with a heat radiometer, while the current yielding that temperature was recorded. Once the relationship between the current and the furnace temperature had been established, the furnace temperature was calculated from the monitored current.
The As absorption signals for AB and for inorganic As at the atomization stage were measured by using calibration solutions containing the same concentration of As. Each absorption peak was measured at 20 ms intervals, together with the furnace temperature. The relationship between the absorption (At) and the temperature (Tt) at time t was obtained, as shown in Fig. 1 . From these results, the equilibrium constant K (Eq. (4)) was calculated for each furnace temperature (Tt).
The relationship between K and T is shown in Fig. 5 , and the enthalpy change was calculated from the slope based on Eq. (7). The enthalpy changes of the inorganic As and the 1st peak of AB were 384.1 ± 2.5 kJ mol -1 (n = 3) and 361.5 ± 1.6 kJ mol -1 (n = 3), respectively.
The enthalpy changes of the dissociation energy for the As-O and As-As molecules, taken from the literature, 32 are listed in Table 2 . In addition, the dissociation energies of the As-As, As-Pd and As-C bonds were calculated theoretically using Gaussian 03W software. The calculated values are also listed in Table 2 . The calculated dissociation energy of the As-As bond was very close to the reported one.
The enthalpy change for inorganic As obtained experimentally agreed with the reported dissociation energies of the As-As bond and those calculated theoretically, although it was lower by about 25% than that for the As-O bond. Therefore, it is proposed that inorganic As is atomized through dissociation of the As-As bond, as shown in process (ii). In contrast, the 358 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 experimental result for the 1st peak of AB was very close to the dissociation energy of the As-C bond, which is slightly lower than that of the As-As bond. The atomization of AB was considered to involve a combination of processes (ii) and (iii). As a consequence, the absorption signal for AB appeared earlier during the atomization stage than that for inorganic As, and AB was atomized more efficiently than inorganic As.
Influence of co-existing organic compounds
There is a likelihood that co-existing organic compounds could increase the atomization efficiency of As during the atomization of AB, since dissociation of the As-C bond is more easily achieved than that of the As-As bond in the furnace of GFAAS. The influence of co-existing organic compounds on the sensitivity of GFAAS to AB and to inorganic As was investigated. Acetic acid and methanol, both containing methyl groups, were selected as test organic compounds, since AB contains As-CH3 bonds. The test solutions were prepared by spiking the AB and inorganic As solutions with aliquots of acetic acid or methanol. The results are shown in Fig. 6 . The peak areas for both AB and inorganic As were enhanced by the addition of acetic acid and methanol, and the degrees of enhancement for the two compounds were almost the same. The absorption signal for inorganic As showed a dramatic increase of 30% with an increase in the organic compound concentration from zero to 0.1%, and showed a further slight increase when the concentration of the organic compound was raised from 0.1 to 0.2%; that of AB increased slightly from zero to 0.1% of the organic compound, but remained almost constant from 0.1 to 0.2%. GFAAS was still more sensitive to AB by 8% than to inorganic As, even after spiking the samples with 0.2% of organic compounds. It was thus very difficult to raise the sensitivity of the technique to inorganic As to be equal to that to AB by the addition of organic compounds.
The absorption profiles for inorganic As, with and without methanol, are shown in Fig. 7 . The absorption profile changed from a single peak to a more complex signal when methanol was added to the sample. This suggested that, in the presence of methanol, inorganic As was partly atomized through dissociation of the As-C bond. Imai and coworkers have discussed the effect of ascorbic acid in GFAAS, and have reported that such organic material yields active carbon during the pyrolysis process. 33, 34 Possibly the mechanism underlying the effect reported here is a similar reaction occurring at the pyrolysis stage. That is, carbon in the co-existing organic material yields active carbon under the effect of the chemical modifier and heating. The active carbon will bond with As, which is subsequently atomized from the As-C bond. However, the behavior and influence of the CH3-group has not yet been fully clarified.
Although the response to As was not enhanced by the carbon of the graphite furnace, i.e., the graphite furnace could not be a source of carbon for the formation of As-C bonds at the pyrolysis stage, which are subsequently broken at the atomization stage. This is probably because the C-C sp 2 bonds that form the graphite skeleton are too strong to react with As to form As-C bonds during the pyrolysis process.
Application to the determination of total As in CRMs containing As mostly as arsenobetaine
The total As in marine animal CRMs, in which the main As compound is arsenobetaine, were determined following acid decomposition with a mixture of HNO3, HClO4 and H2SO4. Five CRMs (BCR CRM 422 cod muscle, BCR 627 tuna fish tissue, DORM-2 dogfish muscle, SRM 1566b oyster tissue and CRM 7402-a cod fish tissue) were analyzed; the results are given in Table 3 . The moisture contents were determined to correct the measurement results. All of the analytical results were in good agreement with the certified values for total As, 359 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 Bonding energy kJ mol -1 Ref. Fig. 6 Effect of methanol on the determination of As. Closed bars, inorganic As(III); opened bars, arsenobetaine. because AB in the samples was completely decomposed to inorganic As by mixed acid digestion.
Conclusions
The analytical sensitivity of GFAAS to As depended on the chemical species of As being analyzed. The technique was approximately 1.3-times as sensitive to AB as to inorganic As. The difference in the analytical sensitivity was attributed to the atomization process of As. Experimental observations and theoretical calculations suggested that inorganic As was atomized through dissociation of the As-As bond, whereas AB was atomized through the dissociation of a mixture of As-C and As-As bonds. Because the dissociation energy of the As-C bond is significantly lower than that of As-As, AB was measured more sensitively than was inorganic As. Co-existing organic compounds containing methyl groups enhanced the analytical sensitivity to both AB and inorganic As, but AB remained more sensitive to analysis than did inorganic As, even with the addition of 0.2% acetic acid or methanol. However, once AB was completely decomposed by an acid mixture of HNO3, HClO4 and H2SO4 during sample digestion, the total concentrations of As were in good agreement with the certified values, even if calibration solutions based on an inorganic As were used.
